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ABSTRACT 
Characterization of Thermo-Physical Properties and Forced Convective Heat Transfer of 
Poly-Alpha-Olefin (PAO) Nanofluids. (August 2007) 
Ian Carl Nelson, B.S., The University of Texas 
Chair of Advisory Committee: Dr. Debjyoti Banerjee 
 
 
Colloidal solvents, containing dispersed nanometer (~1-100 nm) sized particles, 
are categorized as nanofluids. With the growing heat loads in engineering systems that 
exceed the current technological limits, nanofluids are considered as an attractive option 
for more efficient heat removal for thermal management applications.  Recent results 
reported in the literature show that the thermo-physical properties of coolants are 
enhanced considerably when seeded with very minute concentrations of nanoparticles. 
Hence, nanofluids research has provoked interest in thermal management applications.   
The convective heat transfer characteristics of nanofluids are reported in this 
study. Exfoliated graphite nanoparticles were dispersed in poly-alpha-olefin (PAO) at 
concentrations of 0.3% and 0.6% (by weight).  The heat flux into a convective cooling 
apparatus was monitored and the results for nanofluid and the base fluid are presented.    
Thermo-physical properties of the nanofluid were measured and compared with 
the base fluid.  The thermo-physical properties of the fluid are observed to increase with 
the addition of the nanoparticles. The specific heat of nanofluid was increased by ~50% 
compared to PAO. The thermal diffusivity was enhanced by ~400% compared to PAO. 
The viscosity of the nanofluid was enhanced by 10-1000 times compared to PAO. The 
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viscosity of the nanofluid was observed to increase with temperature while the viscosity 
of PAO decreases with temperature. The convective heat flux was enhanced by the 
nanofluids by up to ~8 % for experiments performed at different heat inputs.  The 
experimental results show that the convective heat transfer enhancement potentially 
results from the precipitation of nanoparticles on the heated surface and results in 
enhanced heat transfer surfaces (“nano-fins”).   
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CHAPTER I 
INTRODUCTION 
 
1.1 Thesis Introduction 
Thermal management of high heat flux engineering systems has been the 
contemporary topic of interest in both the industry and the academic research 
communities.  Cooling needs of high heat flux devices have outgrown the thermal 
management solutions developed in the past few decades. These high heat flux devices 
are now being limited in performance and range by the lag in heat removal capabilities 
of existing cooling systems.  Many applications, including the cooling of electronics, 
necessarily produce high enough heat fluxes to stretch the current thermal management 
methods and are now driving the advances in heat transfer augmentation methods. 
 Since the discovery of carbon nanotubes in the late 1970’s1 and the realization of 
their potential some years later2, nano-science has been of great interest to various 
research communities.  The promise of early results from nano-science research in 
almost every field has come with much anticipation of how current technologies will be 
transformed in the future due to nanotechnology.  One such area of nano-science 
currently of interest to thermal research is the topic of “nanofluids”.  Colloidal solvents 
containing dispersed nanometer (~1-100nm) sized particles are categorized as 
nanofluids. Compositions of solid and liquid particles have been studied since the 
1970’s,  but   not  until   the   incorporation   of   nanometer   sized  particles  have   these  
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compositions attracted significant attention from the thermo-fluids research community.  
Anomalous enhancement in thermo-physical properties have been reported in the 
literature when the particles used to seed the base fluids were changed from micrometer-
sized particles to nanometer-sized particles. 
 Thermal conductivity enhancements in nanofluids have been reported by up to 
150%3 and critical heat flux (CHF) enhancement of up to 200%4 have been reported 
when compared to the corresponding properties and CHF values of base fluids.  The 
enhancements are produced at low nanoparticle concentrations of less than 4% with 
nanoparticle sizes ranging from 10 - 100 nm.  Results from various models have been 
found to be inadequate in accounting for the results reported in the literature for the 
anomalous enhancements observed in transport properties of nanofluids.5 
 Superior thermal management technology will be necessary in future Air Force 
instrumentation as the current characteristics of conventional heat transfer fluids will be 
inadequate for meeting the future thermal loads of on-board air-craft systems.  
Nanofluids for thermal management are therefore a rapidly growing area of research.  
Nanofluids in cooling systems can potentially decrease the weight and size of ground as 
well as space based thermal management systems without requiring significant process 
or tooling modification.  Settling, abrasion and clogging are not encountered with 
nanofluids due to the small nanoparticle sizes, allowing their seamless incorporation in 
current thermal management systems.  Nanofluids enable a more efficient, effective and 
uniform heat removal capability for systems requiring highly accurate temperature 
control at high heat fluxes. 
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1.2 Nanofluid Historical Development 
A nanofluid6 is defined as a colloidal solvent containing dispersed nanometer 
(~1-100 nm) sized particles.  Enhancements in thermal conductivity were discovered for 
nanofluids with low nanoparticle concentrations (< 4%).  A wide range of enhancements 
in thermal conductivity were reported for nanofluids based on the material, 
concentration, size and aspect ratio of the nanoparticles as well as the base fluid, pH of 
aqueous solutions and the presence and type of stabilizers7. The classical theories 
developed for thermal conductivity of heterogeneous colloidal mixtures predict lower 
enhancements than observed in experimental data for nanofluids. Predictions by the 
classical compositional models3,8 (such as the Hamilton and Crosser9 model) were found 
to be inconsistent with the experimentally observed enhancement of the thermal 
conductivities of the nanofluids.   
1.3 Fluidic Thermal Conductivity 
The term nanofluid was first coined by Choi (1995)10 where he described the 
future and hope of this application of nanotechnology.  His subsequent work in 20013 
presented results showing thermal conductivity enhancement of up to 150% for 
nanofluid compared to pure fluid.  In this study3, Choi reported the results for nanofluids 
using multi-walled carbon nanotubes (MWNT) suspended in PAO.  The thermal 
conductivity measurements were performed using the transient hot-wire (THW) method 
where a thin electrical wire is immersed vertically into the test fluid.  Short duration, 
high-energy pulses are sent through the wire and its time dependent temperature 
variation is monitored continuously in the experiments.  The normalized thermal 
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conductivity is presented as a function of the suspended particle loading, within the 
range of 0-1% by volume fraction.  Most notably, the nanofluid thermal conductivities 
were found to vary non-linearly as a function of the nanoparticle loading.  Choi3 
proposed that the observed enhancement in thermal conductivities were due to the 
surface organizations of the liquid molecules on nanoparticles and due to ballistic heat 
transfer through the particle.  He further proposed that the nonlinear variation of thermal 
conductivity on concentration depends on the number of nanotubes in the solution and 
the extremely high aspect ratio of these nanotubes. 
Other researchers studying the effects of nanofluids also reported significant 
enhancement in thermal conductivities.  Eastman et al.8 reported the effect of metallic 
nanoparticles dispersed within ethylene glycol for nanoparticle solutions ranging in 
concentration of up to 0.5% by volume containing CuO nanoparticles. This group’s 
previous work11 had shown an increase in thermal conductivities on the order of 20% for 
a 4% by volume solution of CuO and Al2O3 nanoparticles suspended in ethylene glycol.  
In these experiments the nanofluids that were stabilized using thioglycolic acid yielded 
the highest enhancement of 40% for 0.3% by volume concentration of nanoparticles.  
The authors then compared the experimental data with analytical model for the thermal 
conductivity of two component mixtures proposed by Hamilton and Crosser9.  The 
results showed that the analytical models dramatically under-predicted the values of 
thermal conductivity of nanofluids compared to experimental data.  The disparities 
between the predictions by analytic models and the experimental results for the thermal 
conductivities of the metallic nanofluids differ by an order of magnitude (up to ten 
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times).  The authors presented two possible weaknesses in the Hamilton and Crosser 
model that may account for the observed disparities in predictions.  First, the model does 
not consider the role of particle size on the thermal conductivity and second, it fails to 
show a strong dependence of particle thermal conductivity on the overall thermal 
conductivity. 
A similar paper12 reported experimental data on the effects of SiC nanoparticles 
(26 nm diameter) immersed in an aqueous solution.  The thermal conductivity of the 
fluid was found to increase by 15.8% at a volume fraction of 4.2% and was measured 
using the THW method.  A comparison was similarly made with the predictions by the 
Hamilton Crosser model. However, large discrepancies were observed between 
predictions and the experimental data. 
Recently reported data and proposed theories suggest that the enhancements in 
thermal conductivity are potentially due to localized Brownian convection13.  This is 
validated by the analysis of various experimental data for aqueous nanofluids which 
show a range of thermal conductivity enhancement that are observed to depend on the 
nanoparticle size.  The competing effects of two transport resistances govern the range 
of spherical nanoparticle diameters (10-50 nm).  The larger bound is proposed to be the 
result of Brownian convection13, whereas the lower bound is proposed to be the effect of 
liquid-solid interfacial resistance on the nanoparticle surface14.  These competing effects 
could explain the maxima reported in thermal conductivity enhancement of nanofluids.  
Additionally, the enhancement could be explained by surface coating of precipitated 
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nanoparticles on the measurement probes.  Studies conducted on the thermal 
conductivity of nanofluids have not addressed the effect of nanoparticle precipitation. 
1.4 Pool Boiling Experiments 
Enhancements in two-phase convective heat transfer were reported for 
nanofluids5,7.  An experimental study of CHF during pool boiling of nanofluids was 
conducted by You et al4.  Concentrations of alumina (Al2O3) ranging from 0 g/L to 0.5 
g/L were studied and their pool boiling curves were presented.  The curves show the 
CHF to increase by up to 200% for the saturated nanofluid when compared to pure 
water.  The average size of bubbles increased in the nanofluid and the frequency of the 
bubbles decreased.  The results are compared to the Zuber model15 and shown to be 
dramatically underestimated by the prediction.  The authors opined that the Zuber 
prediction considers only the heat of vaporization, density of vapor and liquid, and 
surface tension in prediction of the CHF. 
 A similar study16 also reported results from boiling heat transfer experiments 
using 80-100 nm diameter copper nanoparticles with acoustic cavitation.  The study 
found that with generation of an acoustic field, the heat transfer was enhanced in Cu 
nanofluid, and that the enhancement was independent of the heat flux.  The acoustic 
energy and fluid subcooling did not alter the heat transfer of the liquid when copper 
nanoparticles were not added.  The heat transfer enhancement was primarily attributed to 
the thermophysical properties of the nanoparticles. 
While these studies mentioned above demonstrated enhancement in heat transfer 
with nanoparticle addition in pool boiling, one group reported no such increase.  The 
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paper17 presents the results of a pool boiling experiment using nanofluids as the heat 
transfer medium.  From the pool boiling experiments, it was reported that the overall 
heat transfer deteriorated as the particle size of the nanofluid was increased, such that 
when compared to the base fluid, the heat transfer in the nanofluid was lower.  Because 
of this reduction in heat transfer through the nanofluid in a pool boiling experiment, the 
authors suggest that nanofluids should not be used as a solution to the growing need for 
high heat flux thermal management. 
Similarly, another group also reported that heat transfer was not increased with 
nanoparticle addition.  Vassallo et al.18 also reported that while heat transfer was not 
increased, the CHF of the solution was increased.  In this study, pool boiling 
experiments were conducted using silica-water nanofluids to explore the effect on heat 
transfer characteristics of the setup including the CHF in pool boiling.  The experimental 
setup consisted of a Pyrex bowl filled with the coolant (i.e. the nanofluid or water).  A 
NiCr wire was then submerged within the fluid and current was passed through the wire.  
The bulk temperature of the solution was measured using a thermocouple, and the Pyrex 
bowl was heated with a hot plate apparatus.  The experiments were run until CHF was 
reached or until the test wire broke.  The resistance of the wire was measured using the 
voltage and current variance.  From this resistance value, the heat flux through the wire 
was then obtained.  The results demonstrate that there is minimal effect of particle 
concentration on the heat flux. The experiments were performed using a solution of 
silica nanoparticles.  However, the CHF for the nanofluids were higher than the base 
fluid. 
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The enhancements in CHF for the pool boiling experiments with nanofluids is 
possibly due to an increase in the number of nucleation sites, the size of nucleation 
cavities, and the associated nucleation site density arising from the precipitation of 
nanoparticles.  Therefore, a systematic study on the effect of surface precipitation of 
nanoparticles during pool boiling experiments is needed to clarify the conflicting results 
reported in the literature. 
1.5 Forced Convection Experiments 
Apart from thermal conductivity measurements, subsequent studies were focused 
on ascertaining the convective transport properties of nanofluids.  Through the 
conductivity measurements described before, researchers were able to determine the 
relationships between thermal conductivity and particle suspension stability, particle 
material and size, concentration, as well as temperature.  The next logical step in the 
research on nanofluids was to test the convective transport efficacy in an internal flow 
loop.  To determine the convective transport characteristics of the nanofluid, the natural 
and forced convective heat transfer coefficients were measured in these studies.   
A study19 of aqueous solutions using γ-Al2O3 and TiO2 nanoparticles sized 13 
and 27 nm, respectively, reported viscosity values 200 times higher than for water.  The 
experimental setup consisted of a 480 cm long pipe with an inner diameter of 1.07 cm.  
The nanofluid loading was 10% volume concentration for both the alumina and titanium 
oxide nanofluids.  The Darcy friction factor of the nanofluids was measured to be within 
3% of water at an equivalent Reynolds number.  This finding is similar to other 
published data21 that found the friction factor of 100 nm Copper nanofluids to be the 
  
  9   
same as water at an equivalent Reynolds number.  The nanofluid was also compared to 
water based on the same velocity.  Because of the significant increase in viscosity of the 
nanofluid, the pumping loss was 31% higher and the friction factor was calculated to be 
36% higher than water.  Pak and Cho propose a Nusselt number correlation for turbulent 
flow in a pipe as, 
5.08.0 PrRe021.0=Nu             (1) 
 
based on the heat flux data collected from the experiment.  The heat flux is found to be 
12% lower for the nanofluids than water based on the constant velocity of the flow. 
A nanofluid consisting of CuO nanoparticles at a loading of 0.9% by volume 
concentration in an aqueous solution was reported to enhance the forced convection heat 
transfer coefficient by 15%20.  The effect of nanofluid on the forced convective heat 
transfer was reported by Xuan and Li21.  In this study a test section with temperature 
measurements at the inlet and outlet, and periodic temperature measurements at 
corresponding locations on the inside and outside diameter was performed in order to 
observe the heat transfer coefficients and heat fluxes using nanofluid coolant.  The inlet 
temperature was kept at a constant temperature using a high capacity chiller.  The 
nanofluid consisted of copper particles of diameter less than 100 nm suspended in 
deionized water (DW) with a concentration by volume ranging between 0.3% and 2.0%.  
The Nusselt number was found to increase with increasing Reynolds number (10,000-
25,000) and nanoparticle loading and was reported to be 60% higher than water for 
equivalent Reynolds numbers at a loading of 2% volume concentration.  Based on the 
experimental results, the authors developed a correlation for calculating the Nusselt 
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number of this nanofluid.  A new correlation was presented based on Peclet, Reynolds, 
and Prandtl numbers of the particles and nanofluid respectively:  
Nu = c1 1.0 + c2φm1 Pedm2( )Renfm3 Prnf0.40                                      (2) 
where the subscript nf refers to the effective nanofluidic properties, φ is the volume 
fraction, and c1, c2, m1, m2, m3 are the correlation constants.  The friction factor of the 
fluid was also studied by measuring the pressure drop through the system with a digital 
manometer.  The results show that while convective heat transfer was increased by the 
nanofluid, the pumping power remains the same as the base fluid (DW). 
Similarly, Wen and Ding22 used Al2O3 27-56 nm diameter nanoparticles in an 
aqueous solution to study the effects on the local heat transfer coefficient at specific 
locations along an axially heated pipe.  The thermal conductivity of the nanofluid was 
measured using a KD2 thermal property meter, which uses a metrology technique based 
on the hot wire method.  The thermal conductivity was enhanced by 10% at a volume 
fraction of 1.5%.  For the Nusselt number calculation, the Einstein equation was used to 
calculate the liquid viscosity using the mean fluid temperature.  Coupled with this 
calculation and the measurement of thermal conductivity, the Nusselt number was then 
calculated.    At the entrance regions along the pipe, the heat transfer coefficient was 
found to increase by 47%.  However, at downstream locations, the heat transfer 
coefficient is found to decay into a constant value, resulting in a 14% enhancement of 
the convective heat transfer coefficient compared to that for DW.  The Nusselt number 
was found to increase with Reynolds number, and was also found to be higher for the 
nanofluids than for the water.  The authors found that the Nusselt numbers predicted by 
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the Shah correlation15 were not accurate and were inconsistent.  The thermal 
conductivity enhancement of the fluid was not therefore credited as the only factor 
responsible for the observed enhancement of the heat transfer coefficients of the 
nanofluids.  This enhancement, the authors propose, was attributed to particle migration, 
which in effect reduced the thickness of the thermal boundary layer. 
Herris et al.23 reported enhancements in laminar forced convection heat transfer 
using Al2O3 (~20 nm particle size) and CuO (~50-60 nm) aqueous nanofluids.  The 
experiment was conducted under constant temperature conditions by circulating steam 
through a jacket located outside a copper tube of 6 mm inner diameter and length of 1m. 
Density, specific heat, and thermal conductivity of the nanofluid were estimated from 
empirical equations, whereas the viscosity was measured using a rheometer.  A 40% 
enhancement in heat transfer coefficient was reported for the nanofluid and was found to 
increase with increasing particle concentration. 
In a similar study, Lai et al.24 reported the enhancements of laminar forced 
convection heat transfer coefficients using Al2O3 (~20 nm) but using a constant heat flux 
condition along the tube surface.  The nanofluid tested was loaded with nanoparticle 
concentrations of 0.5%, 0.75%, and 1.0% by volume.  A decrease in heat transfer 
coefficient was reported for an increasing axial length until the fluid reached fully 
developed conditions.  The heat transfer coefficient was found to be enhanced by 8% for 
a volume fraction of 1% and by 3% for 0.5%.  The enhancement is proposed to be due to 
the effect of Brownian convection of the nanoparticles and the interaction with the 
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nanoparticles and the molecules of the base fluid as well as the clustering of the 
nanoparticles. 
The effect of nanoparticle aspect ratio was reported by Yang et al.25  The effects 
of Reynolds number, temperature, nanoparticle concentration, nanoparticle material, and 
base fluid on the heat transfer coefficient enhancement in nanofluids were studied.  The 
nanofluids were tested in a flow loop with a pipe test section of 45.7 cm length and 4.57 
mm diameter.  Graphite nanoparticles (20-40 mm thick, 1-2 micron diameter) with an 
aspect ratio of ~0.02 were suspended in two different base fluids (automatic transmission 
fluid, synthetic “baseoil” mixture) and two concentrations (2% and 2.5% by weight).  
The density, viscosity, specific heat, and thermal conductivity were experimentally 
measured for the conditions described above.  Enhancement of thermal conductivity was 
reported as 56%, whereas the density and specific heat showed negligible change.  
Viscosity measurements were found to vary based on nanoparticle, base fluid, and 
nanofluid loading and a range of 10% enhancement to a 12% reduction was reported.  
The heat transfer coefficient was found to be enhanced by 22% for 2.5% weight 
concentration (50 °C) and 15% for the 2% by weight concentration (70 °C).  The authors 
used the Sieder-Tate correlation to normalize the data as, 
3
1
14.0
3
1
3
1
Re86.1Pr =⎟⎟⎠
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w
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D
LNu μ
μ
           (3) 
 
ba Re=Ω ,                                                                        (4) 
 
where a, and b, are constants used to fit the correlations to the experimental results.  The 
values of a where higher (2-3) than the theoretical value of 1.86.  The values of b were 
  
  13   
consistent with the model (~0.33).  The heat transfer coefficient enhancements between 
the nanofluid and base fluid were found to be 10-20% lower than the theoretical values.  
The effects that explain the enhancement characteristics are proposed to be the rapid 
alignment of nanoparticles in lower viscosity fluids that lead to less interaction between 
the nanoparticles and subsequent reduce heat transfer, and the depletion of nanoparticles 
near the wall.  Ding et al.26 proposed that the low aspect ratio (~0.02) of the 
nanoparticles could be a contributing factor for the reduced heat transfer coefficient 
ratios compared to the theoretical values. 
1.6 Carbon Nanotube (CNT) Suspension 
The thermal performance of carbon nanotubes (CNT) in aqueous solutions have 
also been studied in forced convective heat transfer experiments.  Ding et al.26 presented 
the experimental results for convective heat transfer using CNT enhanced DW flown 
through a straight tube.  The authors’ reasons for using CNTs were the extremely high 
thermal conductivities, the lack of convective heat transfer analysis using CNTs, and 
inconsistencies observed in previous experiments using CNT nanofluids.  The MWNTs 
were produced on a nano-catalyst from a hydrocarbon material under high pressures.  
Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM) 
images of the MWNTs showed a high degree of entanglement and agglomeration.   
Surfactants sodium laurate, sodium dodecyl benzene sulfonate and gum Arabic were 
chosen to suspend the nanotubes and were found to stabilize the nanotubes for over one 
month.  However, the sodium dodecyl benzene sulfonate was found to break down at 
high temperatures and the authors decided to use gum Arabic in the study.  Nanofluid 
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preparation also included ultrasonication and high shear homogenization under dry 
conditions and dispersion respectively.  The experimental setup consisted of a copper 
tube of length 970 mm, 4.5 mm inner diameter, and 1.85 mm thickness.  Property 
measurements of the nanofluids included testing the thermal conductivity using a 
transient hot wire method and using a rheometer to measure the viscosity.  The results of 
the study showed that viscosity decreased with increasing shear rate.  The implication of 
increasing viscosity with increasing shear rate is that the viscosity is higher near the wall 
of the test section than at the core.  In view of these results, the Reynolds number was 
calculated based on the zero-shear rate of host fluid because of the variable shear rate 
throughout the pipe cross section.  In order to determine any effect the surfactant may 
have contributed to the experimental results a comparison to the base fluid with the 
surfactant was also presented.  The enhancement of thermal conductivity was found to 
be 80% for a 1% weight concentration.  The results of the study suggest that the 
convective heat transfer of the fluid is enhanced due to the enhanced static thermal 
conductivity, enhanced shear induced thermal conduction, decreased thermal boundary 
layer thickness, delayed development of the boundary layer, non-uniform shear-rate 
induced particle re-arrangements, and the high aspect ratios of the CNTs.  A maximum 
enhancement of 350% compared to the base fluid was reported for a CNT concentration 
of 5% at a Reynolds number of 800. 
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1.7 Summary of Nanofluid Experimental Results 
The results of some of the notable experimental results for nanofluids reported in 
the literature are summarized in Table 1.  The table lists the base fluid, the nanoparticle 
type, the nanoparticle size, the nanoparticle concentration, and the percentage change in 
thermal conductivity or heat transfer coefficients. 
Table 1. Summary of nanofluid heat transfer experiments reported in the literature. 
% Increase  Author Nanoparticle Base Fluid Particle Size (nm) 
Volume 
Concentration κl hl 
i Masuda27 et al. Al2O3 Water 13 DIA 4.3% 30  
ii Eastman28 et al. Al2O3, CuO, Cu 
Water, HE-
200 oil 
33, 36, 18 
DIA 5% 60  
iii Pak and Cho29 Al2O3, TiO2 Water 13, 26 DIA 3%  -12 
iv Wang30 et al Al2O3, CuO 
Water, EG, 
PO, EO 28, 23 DIA 3 12  
v Lee20 et al. Al2O3 Water 33 DIA 4.3% 15  
vi Eastman31 et al. CuO Water NA 0.9%  15 
vii Eastman8 et al. Cu Ethylene Glycol 35 DIA 0.3% 40  
viii Xie32,33 et al. SiC Water 26, 600 DIA 4.2%, 4% 
15.8, 
22.9  
ix Xie34 et al. Al2O3 Water NA 5% 23  
x Zhou35 et al. CuO Water 10 DIA 0.4% 17  
xi Biercuk36 et al. SWNT Epoxy 3-30 DIA 1% (wt.) 125 
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Table 1. Continued.
% Increase  Author Nanoparticle Base Fluid Particle Size (nm) 
Volume 
Concentration κl hl 
xii 
Das37 et al. Al2O3, CuO Water 
38.4, 28.6 
DIA  200  
xiii Choi3 et al. MWNT Oil 25 DIA, 50 µm L 1% 250  
xiv Patel38 et al. Au, Ag Water, Toluene 10-20 DIA 0.011% 21  
xv Xie39 et al. CNT 
Organic 
liquid, 
Water 
15 DIA, 30 
µm L 1% 10, 20  
xvi Choi40 et al. SWNTs Epoxy 
20-30 
(DIA) x 
300 (L) 
3% (wt) 300  
xvii Xuan and Li21 
 
 
Cu Water 100 DIA 2%  39 
xviii Wen and Ding41 CNT Water 20-60 DIA 0.8% 24, 31  
xix Wen and Ding22 Al2O3 Water 27-56 DIA 1.6%  47 
xx Hong and Yang42 Fe EG 10 DIA 0.55% 18  
xxi Assael43 et al. CNT Water 130 (DIA) x 10μm (L) 0.6% 34  
xxii Wen and Ding44 TiO2 Water 30-40 DIA 0.8% 6.4  
xxiii Liu45 et al. CNTs 
ethylene 
glycol, 
engine oil 
20-30 DIA 1, 2 % 12, 30  
xxiv Murshed46 et al. TiO2 DW 
10 x 40, 15 
DIA 5 33,30  
xxv Ding26 et al. MWNT Water 25 DIA 0.5% wt 37 350 
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1.8 Project Background 
This project was sponsored by the Air Force Research Labs (AFRL) at Wright-
Patterson Air Force base in Dayton, Ohio.  The objective of the project was to perform a 
preliminary study on the efficacy of nanofluids for heat transfer enhancement and to 
verify if a longer, more in-depth project was justified.  The interest in thermal 
management is driven by the increased heat flux that is projected for the onboard 
electronics and devices that are planned for future aircraft systems.  Currently poly-
alpha-olefin (PAO) is used in many of the coolant systems for onboard thermal 
management.  However, the projections for the future technologies under development 
show higher heat rejection rates than can be handled by current cooling systems using 
PAO.  The motivation of this study was to evaluate the efficacy of PAO nanofluids for 
enhancing the convective heat transfer in a flow loop system. 
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CHAPTER II 
DESCRIPTION OF EXPERIMENTAL APPARATUS 
 
2.1 Experimental Apparatus Introduction 
The experiments were performed using a flow loop apparatus that is located in 
the Thermal Laboratory at Wright-Patterson Air Force Base. The schematic of the 
experimental apparatus is shown in Figure 1 and consisted of four main components:  
the fin array cooler (cooling chamber), the heating block, the chiller, and the pump.  
Supporting instrumentation surrounded each of these main components to monitor the 
various properties of the system.  These measurement devices included flow meters, 
thermocouples, and pressure transducers. 
 
Figure 1. Schematic of the flow loop apparatus showing the test section (cooling 
chamber) with the offset fin array. 
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2.2 Flow Loop Apparatus  
A heat transfer enhancement surface consisting of an offset fin array was used to 
heat the circulating fluid inside the cooling chamber. The fin array was made up of 14 
rows of 20 fins each.  The material of the fins was copper (~400 W/mK).  Copper was 
chosen for its high thermal conductivity.  A uniform surface temperature was obtained 
with copper fins along with a faster response time.  The fins were welded onto a copper 
substrate in staggered rows as shown in Figure 2.  The coolant flowed perpendicular to 
the direction of the fins and parallel to the substrate. 
 
Figure 2.  Diagram of copper fin array showing flow direction and offset fin configuration. 
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A thin steel plate with a width of 50.8 mm, 33.02 mm length, and a thickness of 0.5 
mm was welded to the bottom of the substrate.  Ten slots were cut into the steel plate at 
varying positions and to various depths, shown in Figure 3.  Thermocouples were 
soldered to the substrate at the end of each slot to measure the local temperatures of the 
substrate. This temperature reading was then used to calculate the local surface 
temperatures of the copper fins. 
 
Figure 3.  Schematic of fin array, substrate, and steel plate assembly drawing showing thermocouple 
placement and solder points. 
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 The fin array was housed in a chamber with inlet and outlet ports.  The flow at 
the inlet was directed from above the cooling chamber perpendicularly towards the 
substrate.  A 90° change in flow direction forced the fluid flowing perpendicularly 
through the fins parallel to the surface of the substrate.  As the fluid passed through the 
final row of fins, the flow was again directed at a 90° angle away from the surface of the 
substrate.  Two rubber O-rings were used to seal the cooling chamber: one between the 
fin array and the fin array housing, and the other between the fin array housing and lid. 
 The fin array, including the substrate and thermocouple thin plate, sat atop the 
heat-focusing block.  A thin layer of OMEGATHERM® 201 was applied between the 
thin plate and the heat-focusing block to reduce any contact thermal resistance between 
the two surfaces.  The Copper block contained cartridge heaters that supplied the heat to 
the system.  The level of heat input to the system was varied using a DC power supply 
where the voltage and current were monitored.  A layer of FiberFrax was used as an 
insulator. The insulation layer minimized heat flux in the lateral direction and helped to 
direct the heat only in the vertical direction through the fin array.  Insulation was also 
hand-packed around the outside of the cooling chamber and inlet and outlet ports to 
minimize heat. 
A constant temperature water bath type chiller was used to control the 
temperature of the coolant before it entered the cooling chamber.  The chiller apparatus 
had a display where the user-defined set temperature and the actual temperature of the 
coolant were monitored.  The chiller was attached to a coil tube and shell heat 
exchanger.  The coolant from the chiller flowed through the shell side of the heat 
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exchanger picking up the heat from the system fluid flowing through the tube side.  The 
coolant temperature was set to 75° C, to be consistent with the fluid temperatures 
encountered on aircraft thermal management systems. 
 A magnetic gear pump was used to provide a minimum flow rate of 0.2 gpm 
(gallons per minute).  For the pure PAO, maximum flow rates of up to 3 gpm could be 
reached, whereas, for the nanofluid the pump delivered a maximum of 2 gpm.  The 
pump speed was adjusted via a variable voltage controller. 
2.3 Flow Loop Instrumentation 
Type-T thermocouples were placed within the cooling chamber and the heating 
block.  The thermocouples were used to measure heat flux through the heating block and 
to monitor the fin surface temperatures.  Thermocouples were embedded within the heat-
focusing block and were arranged in two planes.  Within each plane four thermocouples 
were placed at four locations.  The placement of the thermocouples in the two planes 
were vertically aligned which enables the calculation of the heat flux in the vertical 
direction.  The distance between each thermocouple in their respective pairs was 
measured to be 5.1 mm.  The four sites in each plane were then averaged and the 
following equation was used to calculate the temperatures 
s
s
msmb k
qtTT −= ,,                                                      ( 5) 
 Thermocouples (as described in Section 2.1) monitored the temperatures on the 
heated side of the substrate.  The type T thermocouple beads were soldered to the bare 
plates.  The nominal diameter of the beads was 0.5 mm. The thermocouples were 
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soldered to the substrate at the end of each of the 0.5 mm wide slots on the thermocouple 
thin plate. An adhesive was then used to further secure the thermocouples within the cut 
slots of the thin plate and acted as further insulation of the thermocouples to ensure an 
accurate reading. 
 To measure the fluid flow rate of the system, an Omega FPD 1004 elliptical gear 
flow meter was used.  The flow meter was operated using a Reed Switch that converted 
the voltage signal to a current signal between 4 mA and 20 mA.  The flow rate was then 
monitored and recorded using a Hewlett Packard 3852A data acquisition system (DAS).  
 In addition to the thermocouples and flowmeter, pressure transducers were 
mounted at the inlet and outlet of the cooling chamber to measure the pressure drop 
across the fin array.  The pressure readings were also monitored by the DAS. 
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CHAPTER III 
EXPERIMENTAL PROCEDURE 
 
3.1 Test Parameters 
The working fluids were loaded in to the flow loop apparatus using a vacuum 
pump. Experiments were performed by circulating the working fluids at different heating 
loads.  Prior to loading a new working fluid into the flow loop apparatus, the previous 
working fluid was purged using a vacuum pump and PAO was used to flush the 
apparatus as well as clean any residues from the components in the flow loop.  
In each experiment, measurements were performed after steady state conditions 
were achieved. Steady state condition was defined in these experiments to be less than 2 
K change per hour.  The thermocouples attached to the heated side of the substrate were 
monitored and used as the basis for the steady state measurements.  Each test was run at 
a predetermined flow rate that was maintained constant throughout the entire test.  As 
discussed in Section 2.3, the range of flow rates attainable by the magnetic gear pump 
was the limiting parameter in the experiments.  In addition to maintaining the flow rate 
at a constant value, the entrance temperature of the fluid was also kept constant at a 
predetermined value.  The inlet temperature was maintained at a constant value by the 
automated temperature control apparatus on the chiller.  The inlet temperature to cooling 
chamber for the working fluid was held at a constant value of 75 °C for all experiments. 
This value of inlet temperature was chosen to conform to the typical operating 
conditions on aircraft thermal management systems that utilize PAO as the cooling fluid.  
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3.2 Data Collection 
The entire testing procedure was automated using a Visual Basic program that 
controlled the power supply, and monitored the DAS system.  The chiller and pump 
were controlled independently from the Visual Basic software. After reaching steady 
state, the input power to the system was incremented by a pre-determined margin.  The 
supply power was stepped up by 100 W increments during the experiments. As the 
system reached steady state at each power input (0 W, 100 W, 200 W, 300W, 400W, and 
500 W), the software averaged and recorded five sets of data at fifteen second intervals.  
The time-averaged readings were used to assess the transient and steady state data for a 
given power input as well as to verify if steady state conditions were reached.  After 
recording was completed on reaching steady state conditions, the input power was again 
ramped up an additional 100 W from the previous stage.  A limit of 500 W was set for 
the experiments to ensure that the PAO and PAO nanofluid were not exposed to 
temperatures exceeding the maximum allowable temperature.  The maximum allowable 
temperature of PAO was listed to be 166 °C by the manufacturer data sheet, as 
referenced in Appendix I.  Also, the data for the maximum allowable temperature of the 
nanofluid was not available at the time of the experiments.  Therefore, using a 
conservative approach, the system was set to cut off the input power if the fin surface 
temperature ever reached 150° C for both the PAO and the nanofluid PAO.  Only at very 
slow flow rates (< 0.3 gpm) did our testing ever encounter high enough temperatures to 
trip the cut-off point of the input power.  At the conclusion of each test, the fluid was 
circulated with the power input switched off until a fin surface temperature of less than 
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75° C was reached.  This was performed to ensure that residual heating effects would not 
degrade the working fluid or affect the subsequent experiments.  As a system steady 
state took close to one hour for each stage, a maximum of two test runs could be 
completed in a one-day time span, while typically one test run would be performed in 
one day.  
3.3 System Flushing Procedure 
During the testing of both the pure PAO and the PAO nanofluid, it was necessary 
to evacuate the test loop in order to nullify any residual effects of the previous tests.  
After testing with the nanofluid, it was observed that the agglomerated nanoparticles 
remained on the surface of the fin array.  Since the study’s primary focus was to 
compare the heat transfer effects of the nanoparticles deposited on the fin surface, a 
clean fin array at the start of each test was important to ensure the reliability of the data.  
A system flush was therefore performed after each test with the nanoparticle solution. 
The system flush was performed to clear the fin surface of any precipitated 
nanoparticles.  Pure PAO was used as the medium to flush the system.  While flushing 
the flow loop, the flow loop was opened at the suction line of the pump.  A reservoir 
with clean PAO was attached to the suction line of the pump, and a waste reservoir was 
connected to the open end of the flow loop.  This way fresh PAO was completely 
circulated through the system once and then pumped into the waste reservoir.  The flow 
rate was varied and then run at close to peak flow rates to clean out the cooling chamber 
and the flow lines of any remaining nanoparticles.  This flushing procedure was 
continued until the flushed PAO appeared unaltered in color (similar to the pure PAO). 
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3.4 Measurement Uncertainty 
The uncertainty of the experimental data depends on the uncertainties of the 
temperature readings, flow rate readings, and the data acquisition system.  For the testing 
of the baseline results, thermal properties are included in the analysis.  The thermal 
property values used were based on published correlations using the average temperature 
of the inlet and outlet of the test section. 
  In order to calculate the uncertainty of the experimental data, the uncertainties of 
the temperature measurements, flow rate measurements, and the data acquisition system 
were determined.  The temperature readings involved two sources of measurement error, 
i.e., the physical location, and the accuracy of the thermocouples.  The accuracy of the 
positioning between two thermocouples was ±0.3 mm based on the machining 
procedure.  The second area of uncertainty lies within the construction and 
characteristics of the type of thermocouple chosen.  The accuracy of the thermocouple 
measurements were reported to be ±0.2° C.   
The flow rate measurement was obtained from the OMEGA positive 
displacement elliptical gear flow meter.  The flow meter measurement utilized a Reed 
sensor and then transmitted the 4-20 mA signal to the data acquisition system.  Since the 
flow meter reading was independent of viscosity of the fluid, a calibration procedure 
using water was sufficient for ensuring the accuracy of the measurements. The 
calibration procedure for the flowmeter involved timing the flow rate of water through 
the flow meter at a constant flow rate.  The flow meter measurement was found to have 
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no bias and was within ±1% of the calibrated values.  The manufacturer data sheet 
reported the error of flow measurement to be 6.3 x 10-4 L/s. 
The data acquisition system (DAS) was a Hewlett Packard 3852A and was used 
to record the experimental parameters of the test.  Since the DAS had 8-bit recording 
capability the accuracy of the temperature readings was reported as ±0.02° C.  The 
measurements were performed at a frequency of 50 times per minute and were recorded 
by a computer. 
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CHAPTER IV 
NANOFLUID CHARACTERIZATION 
 
4.1 Nanoparticle and Nanofluid Manufacture 
As discussed in Section 1.2 a nanofluid consists of nanoparticles dispersed in a 
base fluid.  In the experiments using the flow loop, the performance of PAO was 
compared to the nanofluid.  PAO is used in the cooling of onboard aircraft electronics, 
devices and equipment.   Hence, PAO was chosen as the base fluid in the experiments.  
The nanoparticles used in the study were manufactured by Dr. K. Lafdi of the University 
of Dayton Research Institute in Dayton, Ohio.  Exfoliated graphite nanoparticles of 20 
µm in diameter and 100 nm in thickness were used in this study.  Seventeen grams of the 
nanoparticles obtained from Dr. Lafdi were added to 1200 grams of PAO, yielding a 
weight concentration of 0.6%.  A second nanofluid solution was obtained by diluting the 
nanofluid by an equal weight of PAO to yield a weight concentration of 0.3%.   
4.2 SEM Analysis 
After testing the 0.6% by weight concentration of the nanofluid in the cooling 
flow loop, a small section of the fin array was removed from the test section and a SEM 
was used to study the surface.  In Figure 4, the arrows show the three distinct 
nanoparticles that precipitated on the fin surface.  The nanoparticles appear translucent 
to the incident electron beams.  Hence, in the SEM images the precipitated nanoparticles 
appear translucent.  The nominal diameter of the nanoparticles at the beginning of the 
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experiment was 20 µm.  In the SEM images at the end of the experiment the 
nanoparticles were smaller in size than in the stock solution probably due to attrition and 
abrasion. 
 
 
Figure 4. Scanning Electron Microscopy (SEM) image showing precipitated nanoparticles.  The 
exfoliated graphite nanoparticles appear semi-transparent in the image and are indicated by superposed 
arrows in the image. 
  
Figure 5 shows agglomeration of nanoparticles on a copper surface.  The graphite 
flakes precipitate on the surface of the copper.  As will be discussed in Section 5.3, the 
nanoparticles agglomerated on the surface of the copper may act as nanofins, creating a 
less resistive path for thermal energy to travel from the copper fins to the cooling fluid. 
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Figure 5. Scanning Electron Microscopy (SEM) image showing surface agglomeration of the precipitated 
exfoliated graphite nanoparticles that were deposited on the fin surface. 
 
4.3 EDX Analysis  
Energy Dispersive X-Ray (EDX) analysis was performed on the fin surface to 
gain further insight into the precipitation on the fin surface.  EDX is a type of 
spectroscopy that is used to uniquely identify individual elements in the periodic table 
based on the unique spectra emitted by each element when excited by electromagnetic 
waves.  In the EDX instrument the incident beam is absorbed and emitted by the atoms 
of the test sample.  Each individual element emits characteristic spectral lines that are 
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detected and converted into voltages.  The voltage variations are analyzed and the 
quantity of each voltage signal (count) is plotted.  Based on the count and voltage output, 
the elements present are identified and the relative amounts of each element are 
quantified.  Figure 6 shows the peaks of both Carbon and Copper from the EDX spectra 
for the deposited nanoparticles on the copper fin surface.  This supports the hypothesis 
of nanoparticle precipitation on the fin surface acting as nanofins. 
 
 
 
Figure 6. EDX (Energy Dispersive X-Ray) spectra of copper (Cu) fin surface performed after the 
experiments showing elemental surface deposition of carbon (C). 
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CHAPTER V 
RESULTS AND DISCUSSION 
 
5.1 Thermal Property Analysis 
An important aspect of this study was to assess the thermal property effects with 
the addition of nanoparticles to the base fluid.  To gain a complete understanding of the 
thermal property effects, the thermal diffusivity, viscosity, density, and specific heat of 
the nanofluid were measured.   
5.1.1 Viscosity Measurements 
The rheological data shown in Figure 7 compares the variation of viscosity with 
temperature for PAO and nanofluid (0.6% concentration by weight).  The tests were 
carried out using a concentric cylinder shear measurement apparatus and by varying the 
temperature of the sample.  The viscosity of PAO is observed to decrease with an 
increase in temperature.  The nanofluid viscosity in contrast has an opposite trend.  As 
the temperature of the nanofluid is increased, no appreciable change in viscosity is seen 
over the baseline until the nanofluid reaches a temperature of ~100 °C.  At this 
temperature, the viscosity begins to increase rapidly.  The data suggests that the 
nanofluid coagulates at temperatures above 100 °C.  In addition, the absolute value of 
the nanofluid viscosity is close to two orders of magnitude larger than the PAO.   
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Exfoliated Graphite Nano-fluid Suspension in PAO
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Figure 7. Viscosity measurements for PAO and nanofluid (0.6% concentration by weight). 
 
5.1.2 Specific Heat Measurements 
The specific heat of the two fluids were also tested and compared.  The specific 
heat of PAO nanofluid and PAO were obtained by using a Differential Scanning 
Calorimeter (DSC) to measure the specific heats of the fluids.  The specific heat was 
measured at different temperatures and the results are presented in Figure 8 below with 
an accuracy of ± 2% as reported by the manufacturer.  A comparison of the nanofluid to 
the base PAO shows an enhancement by as much as ~50%. 
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Figure 8.  Specific heat measurements for PAO and nanofluid (0.6% concentration by 
weight). 
 
5.1.3 Density Measurements 
A simple density measurement was used to quantify the density change with the 
addition of the nanoparticles.  Since the published data for PAO47 showed only small 
changes in density with temperature change, the density measurement was taken only at 
room temperature and assumed not to change with a varying temperature.  By measuring 
the weight and volume of a sample of the nanofluid, the density was calculated.  A fixed 
volume of the sample of nanofluid was extracted from the reserve using a syringe and 
the mass of the sample was measured with a digital scale.  The measurement was 
repeated five times to validate the accuracy of the method.  In addition to the viscosity, 
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density, and specific heat of the fluids, the thermal diffusivity of the fluids was 
measured. 
5.1.4 Thermal Diffusivity Measurements and Thermal Conductivity 
Figure 9 shows the enhancement of thermal diffusivity for the PAO nanofluid.  
Thermal diffusivity was not measured for the pure PAO.   Measurements were taken 
with a Laser Flash Apparatus (LDA 447) for the nanofluid solution of 0.6% 
concentration with an accuracy of ± 5% as reported by the manufacturer. The results for 
pure PAO plotted below are taken from a correlation of thermal conductivity in 
published work.  The thermal diffusivity was then calculated by Equation 6 with the 
published density data, and experimental specific heat data.  As the thermal conductivity 
(Figure 10) of the correlations for pure PAO show a negligible change with variation in 
temperature, a similar result is shown in the thermal diffusivity. 
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Figure 9. Thermal diffusivity measurements for PAO and nanofluid (0.6% 
concentration by weight). 
 
With these thermal property measurements, we determined the thermal 
conductivity of the nanofluid based on the relation: 
 
,
l
l
l p l
k
c
α ρ=   (6) 
Figure 10 shows the results of the thermal conductivity calculations.  The thermal 
conductivity calculations are based on the thermal diffusivity, density, and specific heat 
of the nanofluid, and the corresponding pure PAO points from a published correlation47.  
The figure shows that the thermal conductivity of the nanofluid increases with increase 
in temperature.  This trend is similar to that observed for the thermal diffusivity of the 
nanofluid.   
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Thermal Conductivity of PAO and Nanofluid
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Figure 10. Thermal conductivity measurements for PAO and nanofluid (0.6% 
concentration by weight). 
 
 The results presented above show that the thermal properties of PAO are 
enhanced due to the addition of nanoparticles.  Data reported in literature show that the 
conventional models for solid-liquid dispersions do not accurately predict results for 
thermal property enhancements.  The results from this study indicate similar disparities 
in the thermal properties when compared to the conventional models. 
5.2 Baseline Test Results 
To validate and establish a baseline for the experiments, experiments were 
performed initially using PAO in the flow loop.  The experimental data was found to be 
consistent with previous results reported in the literature (e.g., Lin et al48).  Experiments 
were performed using PAO as the working fluid and an offset fin array. The results were 
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consistent with the correlation published by Weiting49.  These results and comparison 
with Wieiting’s correlation49 are presented in Figure 11 below.  The Nu/Pr1/3 is plotted 
as a function of the Reynolds number (Re) for the various flow rates of PAO.  The 
Nusselt number, Nu, was calculated by first calculating the heat transfer coefficient of 
the fin-liquid interface.  The heat transfer coefficient was iteratively calculated from the 
implicit equation, 
 { }( )mlmbbcfstf TThAmlAhPknnQ ,,1 )tanh( −+= ,                      (7) 
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 Figure 11 shows the plot of Nu/Pr1/3 vs. the Reynolds number for the two 
configurations of the fin array used in original testing by Lin et al.48 The gap fin array 
test results were used exclusively for the comparison of the pure PAO to the nanofluid.  
In subsequent experiments the non-gap fin array was used by flowing PAO to study the 
heat transfer through the fin array after the system had been introduced to nanofluid.  In 
Figure 12, the non-gap fin array results are shown to directly compare with the Weiting 
correlation.  In Weiting’s published data49, a non-gap fin array was used to develop the 
correlation.  In addition, the gap fin array data was found to be consistent with the data 
reported by Lin et al.48 The gap fin array data follows the trend of the Weiting 
correlation49 after the heat transfer enhancement was adjusted by ~20%. 
In Figure 12, the results of testing with the non-gap fin array are shown for the 
before and after cases of nanofluid testing.  In order to study any residual effects of the 
nanoparticles on an evacuated system, the results show a negligible difference in the 
measured heat flux both before nanofluids were used and after nanofluids were used, 
followed by experiments that were performed after flushing the flow loop apparatus with 
pure PAO.  These results verified that the flushing procedure described in Section 3.3 
adequately removed any nanoparticles from the flow loop apparatus that would have 
affected the forced convective heat transfer. 
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Figure 11. Variation of Nu/Pr1/3 with Reynolds number for flow through both gap-fin and 
non-gap offset fin array.  Weiting’s correlation49 is plotted for comparison with the 
experimental data. 
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Figure 12. Variation of Nu/Pr1/3 with Reynolds number using PAO for the experimental 
apparatus before being exposed to the nanofluid and after exposure to the nanofluid.  
 
 
The results of the baseline tests demonstrated the validity of the experiments to 
quantify the effects of nanoparticles/ nanofluids on the performance of the flow loop 
apparatus for cooling.  Because the baseline data collected agrees closely with the 
published data of Lin et al.48, any change in system performance can be attributed to the 
addition of the nanoparticles/ nanofluids.   
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5.3 Nanofluid Test Results 
The test procedure described in Chapter III was followed and the results are 
presented below.  Figure 13 shows the experimental results for an input power setting of 
300 W for PAO and nanofluids (at 0.3% and 0.6% concentration of nanoparticles by 
weight).  At this heat input, a consistent enhancement of approximately 4% was 
observed at the different flow rates for 0.3% by concentration nanofluid as compared to 
pure PAO.  However, for the 0.6% by weight concentration of the nanofluid, the 
enhancement is doubled to 8%. 
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Figure 13. Heat flux as a function of flow rate for both nanofluid concentrations and pure 
PAO for a heat input of 300 W. 
 
 The observed trends at an input power setting 400 W (Figure 14) are similar to 
the behavior of the cooling system at an input power of 300 W:  An average 
enhancement of 4% for the 0.3% by weight concentration nanofluid, and an average 
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enhancement of 7% for the 0.6% by weight concentration nanofluid is observed at an 
input power setting of 400W.  For each flow rate the experiments were repeated at least 
twice to verify repeatability of the experiments.  For each flow rate, the variance in heat 
flux for a specific fluid was below 1% for the repeated tests. 
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Figure 14. Heat flux as a function of flow rate for both nanofluid concentrations and pure 
PAO for a heat input of 400 W. 
 
Similarly, experiments were performed at an input power setting of 500W and 
the results are plotted in Figure 15. In Figure 15 it is observed that the results for 500W 
show a marked deviation from the results obtained for lower input power. At low flow 
rates the heat flux for the nanofluid (0.3% concentration) is almost identical to the heat 
flux for PAO. At higher flow rates an enhancement of less than 3% is observed for the 
same nanofluid. At higher nanoparticle concentration (0.6% by weight concentration 
nanofluid) only 8% heat flux enhancement is observed compared to PAO for low flow 
rates.  At higher nanoparticle concentration an anomalous increase in heat flux is 
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observed with flow rate for low flow rate. This anomalous increase at low flow rates is 
found to subsequently decrease or marginally increase as the flow rate is increased. For 
higher flow rates ~5% heat flux enhancement was observed compared to PAO. These 
anomalous results can be explained by relating the viscosity of the nanofluid to the local 
surface temperatures on the fins. 
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Figure 15. Heat flux as a function of flow rate for both nanofluid concentrations and pure 
PAO for a heat input of 500 W. 
 
The enhancement of the heat transfer through the fin array at low input power 
(300W and 400W) can be explained due to the formation of enhanced heat transfer 
surfaces (“nano-fins”) formed by the deposited nanoparticles on the copper fin surface.  
As was presented in Section 4.3, EDX and SEM analysis show that nanoparticles were 
deposited on the copper surface.  The deposited nanoparticles act as high aspect ratio 
fins (nano-fins) that create a potentially lower thermal resistance path. This provides an 
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additional transport mechanism for the total heat flux which is absent for PAO.  The 
increased surface area provides a much larger solid particle-to-liquid area for conduction 
heat transfer into the nanofluid. A fluid with a higher concentration of nanoparticles will 
necessarily produce more nanofins on the heat transfer surface, thereby increasing 
further the enhancement through the heat transfer surface. However, the pool boiling 
heat flux data in the literature indicates that at a certain threshold value of the 
nanoparticle concentration the formation of the nanofins can actually lead to fouling of 
the surface resulting in decrease in heat transfer. The experimental data reported here 
shows that such a threshold nanoparticle concentration is larger than 0.6% concentration 
by weight. 
As discussed in Section 5.1.1, the viscosity of the nanofluid increases rapidly at a 
threshold temperature of 100 °C, probably due to coagulation of the nanofluid.  The 
coagulation of the nanofluid may contribute to the decrease in heat flux enhancement 
and anomalous behavior observed at low flow velocities for experiments performed at 
input power of 500W.  At low flow velocities the residence time of the fluid volume is 
higher resulting in higher local temperatures of the fluid in contact with the fin surface. 
Higher local temperatures can potentially cause coagulation of the nanofluids on the fins 
resulting in higher pressure drop and lower heat fluxes. Also, the coagulation of 
nanofluids could result in agglomeration of multiple nanoparticles resulting in larger 
particles. The surface area to volume ratio of the nanoparticles would decrease 
drastically in such an agglomeration process. Such a temperature dependent process of 
coagulation and agglomeration can be reversible or irreversible.  In addition, the surface 
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precipitation of the particles on the heater surface (formation of “nano-fins”) could also 
be modified reducing their efficacy. Since the nanofins are essentially the low resistivity 
bridge between the copper fins and the bulk fluid (PAO), the enhancement is expected to 
decrease as the nanofin formation is depleted.  
5.4 Nanofluid Test Analysis 
 The PAO and 0.6 % by weight concentration PAO nanofluid were compared 
based on the flow velocity.  The large difference in viscosity between the PAO and PAO 
nanofluid caused the data for each fluid to agglomerate to high and low Reynolds 
numbers respectively – effectively preventing a common basis for comparison based on 
Reynolds number.  In Figure 16 a form similar to the Weiting correlation is used to 
compare the heat transfer characteristics of the two fluids based on similar flow 
velocities.  As shown in Figure 16 - for the 300 W input, the PAO nanofluid consistently 
has a higher correlation constant than for the PAO for the same flow rate.  This agrees 
with the results discussed in Section 5.3. 
 Similar plots are shown in Figure 17 and Figure 18 for the experiments 
conducted for heat inputs of 400 W and 500 W, respectively.  The results and trends in 
these figures are in good agreement with Figure 16. 
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Figure 16.  Comparison of PAO to 0.6% PAO nanofluid using Weiting correlation at 300W input. 
 
400 W:  Weiting Correlation Comparison
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Figure 17. Comparison of PAO to 0.6% PAO nanofluid using Weiting correlation at 400W input. 
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500 W:  Weiting Correlation Comparison
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Figure 18. Comparison of PAO to 0.6% PAO nanofluid using Weiting correlation at 500W input. 
 
A direct comparison between the Nusselt numbers and the Weiting correlation 
relationship between the Reynolds and Prandtl number is shown in Figures 19-21 for the 
300 W, 400 W, and 500 W, repectively.  The trend lines (best fit line)  in Figures 19 and 
20 (for heat input of 300 W and 400 W, respectively) have less variability than for 
Figure 21.  As discussed in Section 5.3, the anomalous behavior at 500 W input power 
can be attributed to the coagulation of the nanofluid at higher temperatures that occur at 
higher heat input.  The results used in Figures 19-21 are tabulated in Table 2, Table 3, 
and Table 4.  The average enhancement of the correlation coefficient is approximately 4 
times for the 300 W and 5 times for 400 W heat input experiments, for the nanofluid 
compared to PAO.  
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Figure 19.  Comparison of the ratio of Nu and ratio of the (RePr1/3) at a 300 W input. 
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Figure 20. Comparison of the ratio of Nu and ratio of the (RePr1/3) at a 400 W input. 
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Figure 21. Comparison of the ratio of Nu and ratio of the (RePr1/3) at a 500 W input. 
 
 
Table 2.  Relationship between the ratio of Nu and ratio of the (RePr1/3) at 300 W input. 
Ren/Re*(Prn/Pr)1/ Nun/Nu Enhancement Ratio 
0.0044 0.020 4.61 
0.0047 0.021 4.50 
0.0054 0.022 4.16 
0.0054 0.024 4.38 
 
Table 3. Relationship between the ratio of Nu and ratio of the (RePr1/3) at 400 W input. 
Ren/Re*(Prn/Pr)1/ Nun/Nu Enhancement Ratio 
0.004 0.020 5.62 
0.004 0.021 5.80 
0.005 0.024 5.11 
0.005 0.022 4.82 
 
Table 4. Relationship between the ratio of Nu and ratio of the (RePr1/3) at 500 W input. 
Ren/Re*(Prn/Pr)1/ Nun/Nu Enhancement Ratio 
0.004 0.038 9.67 
0.002 0.045 28.20 
0.005 0.046 8.98 
0.005 0.049 9.57 
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CHAPTER VI 
CONCLUSION 
 
Experiments were performed using a flow loop experimental apparatus for poly-
alpha-olefin (PAO) and nanofluid as coolants.  The nanofluids were obtained by 
ultrasonically dispersing exfoliated graphite nanoparticles in PAO at two different 
nanofluid concentrations (0.3% and 0.6% by weight). Experiments were performed by 
varying the input power and the flow rates.  
The thermophysical properties of the nanofluid (e.g., viscosity, thermal 
diffusivity, thermal conductivity and specific heat) were measured and were found to 
increase when compared to PAO. The heat flux in the cooling chamber of the flow loop 
was found to increase with increasing nanoparticle concentration and increasing flow 
rates for input power of 300W and 400W.  SEM and EDX analysis of the heater surface 
in the cooling chamber show that nanoparticles were deposited on the heater surface.  
These results suggest that the precipitation of nanoparticles results in formation of 
enhanced heat transfer surfaces (nanofins), thereby enhancing the heat transfer to the 
bulk fluid. Such a transport mechanism is non-existent for experiments performed using 
PAO. 
Anomalous heat fluxes were observed at input power of 500W. This is possibly 
due to higher surface temperature of the heater at this input power which caused 
localized coagulation of the nanofluids and agglomeration of the nanoparticles resulting 
in lower heat flux at lower flow velocities. Viscosity measurement data for the 
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nanofluids suggests that such coagulation of the nanofluids occurs at temperatures 
exceeding a threshold value of ~100 °C.  
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GLOSSARY 
 
 
CHF   Critical Heat Flux 
 
MWNT  Multi-Walled Nanotubes 
 
THW   Transient Hot Wire 
 
Nu   Nusselt Number 
 
Re   Reynolds Number 
 
Pr   Prandtl Number 
 
DW   Distilled Water 
 
CNT   Carbon Nanotube 
 
SEM   Scanning Electron Microscope 
 
TEM   Transmission Electron Microscope 
 
AFRL   Air Force Research Labs 
 
PAO   Poly-Alpha-Olefin 
 
EDX   Energy Dispersive X-Ray  
 
DSC   Differential Scanning Calorimeter 
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